Unraveling the conformational details of an enzyme during the essential steps of a catalytic reaction (i.e., enzyme-substrate interaction, enzyme-substrate active complex formation, nascent product formation, and product release) is challenging due to the transient nature of intermediate conformational states, conformational fluctuations, and the associated complex dynamics. Here we report our study on the conformational dynamics of horseradish peroxidase using single-molecule multiparameter photon time-stamping spectroscopy with mechanical force manipulation, a newly developed single-molecule fluorescence imaging magnetic tweezers nanoscopic approach. A nascent-formed fluorogenic product molecule serves as a probe, perfectly fitting in the enzymatic reaction active site for probing the enzymatic conformational dynamics. Interestingly, the product releasing dynamics shows the complex conformational behavior with multiple product releasing pathways. However, under magnetic force manipulation, the complex nature of the multiple product releasing pathways disappears and more simplistic conformations of the active site are populated.
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enzymatic conformational dynamics | magnetic tweezers | mechanical force manipulation | enzymatic product releasing | fluorogenic substrate E nzymes are capable of enhancing biological reaction activity by millions or even billions of times (1) . A typical enzymatic turnover cycle involves multiple steps: substrate (S) binding to the active site of the enzyme (E) in forming an enzyme-substrate complex E+S→[E · S]; enzymatic reaction converting substrate to nascent product (P), [E · S]→[E · P]; and product releasing from the enzyme active site, [E · P]→E+P, which completes an enzymatic reaction turnover (2) (3) (4) . In recent years, it has been widely identified that conformational dynamics plays a crucial role in regulating enzymatic reactions (2, (4) (5) (6) (7) . The advent of sitespecific mutagenesis, single-molecule (SM) spectroscopic technique, and molecular dynamics simulations have demonstrated complex dynamics involving multiple conformational states during a catalytic cycle (4, 5, (7) (8) (9) (10) (11) (12) (13) . Fundamentally, not only the enzymatic active site conformational dynamics but also the overall conformational fluctuation dynamics of the protein matrix, providing the required entropy, enthalpy, and corresponding energy landscape, has a profound impact on an enzyme to ultimately possess the power of enhancing reaction rates. Nevertheless, capturing an individual snapshot of each intermediate conformational step remains challenging, mainly due to the transient nature of those intermediate structures, inadequacy of the conventional structure analysis methods to seize those fluctuating structures, and lack of molecular probes that can specifically report the active site environment at each step of an enzymatic reaction. More often than not, the rate-limiting step is the product release from the active site (14) . However, a thorough and comprehensive picture of the product release mechanism is still insufficient, mostly due to the complexity and inhomogeneity of the enzymatic dynamics. For example, by what exact mechanism a product exits the active site and the energetically preferential configurations of an enzyme to release the product are still not clear. Few studies have tried to address these questions and related effects on other macroscopic parameters directly through experimental approaches (9, (15) (16) (17) (18) (19) . We recently reported that horseradish peroxidase (HRP) can involve multiple intermediate conformational states and pathways during product releasing, and a significant pathway is that the product molecules are spilled out from the enzymatic reaction site; however, releasing the product molecules through a loosely bound enzyme-product state and an open active site remain parallel product releasing pathways (9) . Further, very recently our group has reported that HRP retains a significant amount of its activity even under conformational perturbations (20) . Here, we aim to systematically characterize not only the mechanism and dynamics involved in product release of HRP but also the complex conformational dynamics involved in each step of a catalytic cycle by directly manipulating the reaction coordinates. We further extended our study and applied our newly developed SM approach of actively manipulating the reaction coordinates using combined SM time-resolved photon time-stamping spectroscopy and magnetic tweezers to understand the effect of conformational perturbation on the conformational dynamics and mechanism of enzymatic product release.
The biological function of an enzyme is presumably followed in real time by using mainly three kinds of fluorescent reporter molecules: (i) intrinsic fluorescent residues (e.g., tryptophan or tyrosine), (ii) site-specific labeling, and (iii) fluorogenic substrate (8, 11, 21) . Application of fluorogenic substrate (nonfluorescent) is a direct approach to follow enzymatic reaction turnovers as it gets converted into a fluorescent product molecule by the enzyme. As the product molecule quickly exits the detection volume within
Significance
The exploration of the internal conformational fluctuation dynamics of an enzyme during a catalytic event can have significant implications in the field of enzymology. How an enzyme modulates its conformations under mechanical perturbation while still retaining its activity to a significant extent can be of particular interest in the area of protein engineering. Using single-molecule total internal reflection fluorescence microscopy-guided confocal spectroscopy combined with magnetic tweezers we have interrogated the conformational dynamics of horseradish peroxidase enzyme. We have identified the presence of complex conformations during the product releasing step. However, the complexity is narrowed or even eliminated when the enzyme is deformed or unfolded under magnetic pulling force. microseconds it provides a direct readout of enzymatic reactions with single turnover resolution (5, 8, 9, (22) (23) (24) . Additionally, fluorescent product molecules are produced continuously in turnover cycles and this eliminates the negative impact of photobleaching, and thereby long time trajectories from a single enzyme can be recorded (8, 9) . In this work, we extend the SM fluorogenic assay and imaging analysis to a new dimension by combing the total internal reflection fluorescence microscopy (TIRFM)-guided confocal time-resolved SM photon time-stamping spectroscopic approach and the SM fluorogenic assay combined with magnetic tweezers force manipulation of molecular conformations: We used the nascent formed fluorescent product as an in situ probe to study the active site conformational fluctuation dynamics during the enzymatic reaction from the moment the product incipiently formed to the releasing of the fluorescent product from the active site (9, 20, 25) . It is a conceptual and technical advancement to use a nascent-formed fluorogenic product molecule serving as a probe for enzymatic reaction active site with perfectly fitted position with the critical molecular interactions without perturbing the active site as in the case of site-specific labeling. Furthermore, magnetic tweezers give us the edge over chemical denaturation by introducing conformational perturbation in a noninvasive and controlled way (20, 26) , that is, we are able to deform the enzymatic conformations under enzymatic conditions, which is beyond the conventional protein structure denature assays that are carried out under chemical conditions, such as pH, electrolytes, and chemical denaturants, which are not physiological enzymatic reaction conditions.
Results
HRP is a 44-kDa monomeric metalloenzyme containing a heme prosthetic group and each substrate turnover is produced from a single catalytic cycle (27, 28) . HRP oxidizes both organic and inorganic compounds in the presence of hydrogen peroxide (H 2 O 2 ) as an oxidizing agent (28) (29) (30) . We have used Amplex Red (10-acetyl-3,7-dihydroxyphenoxazine) as nonfluorescent substrate, which is converted into highly fluorescent resorufin by HRP in the presence of H 2 O 2 ( Fig. 1A ) (23) . We used TIRFM to pinpoint spatially randomly located enzymes from the stochastic on-off fluorescence signals originating from catalytic cycles ( Fig. 1 B and C) . Successively using the confocal time-resolved SM photon time-stamping technique, we followed enzymatic turnover events for two different polarizations, vertical and parallel with respect to the excitation light polarization ( Fig. 1 D and E) (see Supporting Information for details). In an SM photon time-stamping measurement, for each detected photon (here each data point in Fig. 2E ) two parameters are recorded: chronic arrival time (t) and delay time between the photo excitation and each emitted photon (Δt) (31) . The histogram of the delay times (Δt) gives a typical SM fluorescence lifetime ( Fig. 1E ) and the intensity trajectory is calculated from the distribution of arrival time (t) within a given bin time (Fig.  1F , Lower). Further, from the intensity trajectories in two different polarizations, rotational anisotropy can be calculated (Fig.  1F , Upper). Simultaneous measurements of photon chronic arrival time and delay time along with rotational anisotropy improve the resolution of detection of individual species and provide rich information about the properties of a fluorophore and its surrounding environment (9, (31) (32) (33) (34) (35) (36) . In this regard our study is unique and advanced in interrogating the productreleasing mechanism and associated conformational dynamics. In our assay, HRP was tethered to the glass coverslip according to ) is recorded due to the low substrate concentration. Additionally, only those isolated events with a high fluorescence photon count (>1,000 photons over the entire catalytic event) are considered and analyzed subsequently. The low turnover rate helps us to identify single enzymatic events distinctly, which remains the main focus of this study. However, we cannot completely exclude the effect of steric hindrance of tethered enzymes on turnover rate (39) . Fig. 1F shows a portion of anisotropy trajectory and the corresponding intensity trajectories in two polarization channels. Single enzymatic events can be detected as photon bursts with amplitudes above the background noise. The fluorescence signal from the product can be detected only when it is still confined within the active site. The microsecond diffusion time of product fluorescent molecule essentially eliminates the possibility of acquiring a fluorescence signal from diffusing fluorescent molecules (40) . As evident from Fig. 1F , the anisotropy fluctuates around zero between consecutive fluorescent bursts or events. During a catalytic event, anisotropy increases drastically to a higher value. The higher anisotropy value signifies that during a catalytic event the fluorescent product exhibits relatively confined motion inside the active site of the enzyme. The anisotropy fluctuations can arise from the dynamic conformational fluctuation of the protein matrix and nearby local environment. Aromatic substrates form a stable 1:1 complex with HRP through hydrophobic interactions and hydrogen bonds involving the amino acid residues arginine, histidine, and proline (27, 28) . The rigid interaction of resorufin with active-site residues through hydrogen bonding and hydrophobic interaction prevents the product from rotating freely inside the active site. The relatively confined rotation of fluorescent product is reflected in the measured high anisotropy, which also reflects the conformational dynamics of active site, specifically the solvent-exposed heme prosthetic group (9) . To identify the specific nature of enzyme-substrate and enzymeproduct interactions at the active site we have divided a catalytic event into three parts probed from the signals (Fig. 1G) : the rising edge, ON state, and falling edge. The rising edge corresponds to the nascent product formation, which is the onset of an enzymatic turnover, ON time represents the duration when the product is still confined to the active site, and falling edge corresponds to the moment just before the product is released from the active site of the enzyme (Supporting Information). Dividing a catalytic event into different parts gives us insight about how the active-site conformation evolves with time as the reaction proceeds along the reaction coordinate.
To investigate in detail, we have plotted the 2D joint distribution of lifetime (τ f ) and anisotropy (r) (32, 41) . Fig. 2 A-C shows the 2D joint distribution of fluorescence lifetime and anisotropy at the rising edges, during the ON states, and at the falling edges, respectively, from 281 catalytic events. SM fluorogenic product lifetime is calculated as the average delay times of all of the photons in 20-ms bin times for both polarizations. Fig. 2A clearly shows only one domain exists (domain 1′) in anisotropy and lifetime joint distribution at the rising edge. Domain 1′ centers around τ f = 3.3 ± 0.2 ns and r = 0.11 ± 0.04. All of the error bars are calculated as two SDs so that 95% of the data fall within two SDs from the mean and the SDs for all of the domains are calculated from the data that fall within the black circles. The similar conformation continues to persist along the reaction coordinate because only one domain (domain 1′′) is present during ON state centering on τ f = 3.4 ± 0.1 ns and r = 0.12 ± 0.06, similar as domain 1′ (Fig. 2B) . This result strongly suggests that the active site conformation populated during the rising edge (i.e., when the nascent product is formed) continues to persist as the reaction proceeds. The large SDs of domain 1′ and 1′′ represent the large-scale conformational motions involved. Interestingly, the 2D joint distribution of falling edge (Fig. 2C)  exhibits three distinct domains (domains 1, 2, and 3) . The presence of multiple distinct domains reveals that multiple distinct conformations of the active site of HRP are populated during the time the product resorufin is released from the active site. Domain 1 is centered on τ f = 3.3 ± 0.1 ns and r = 0.07 ± 0.04, domain 2 is centered at τ f = 3.5 ± 0.04 ns and r = 0.10 ± 0.04, and domain 3 is centered on τ f = 3.5 ± 0.04 ns and r = 0.05 ± 0.02. We further calculated the corresponding rotational correlation time (τ r ) for all of the domains (Supporting Information). Domain 1′ of the rising edge is centered on 1.8 ns, which has a τ r similar to domain 1′′ of the ON state (τ r = 2.0 ns). In the falling edge, the corresponding τ r for domains 1, 2, and 3 are 0.9, 1.5, and 0.6 ns, respectively. It is interesting to observe that in the falling edge domain 2 has a τ r comparable to that of at the rising edge and ON state. Resorufin has a rotational correlation time of ∼0.1 ns in water (42) . The higher anisotropy and τ r (1.5 ns) in domain 2 correspond to a confined environment or tightly bound state for resorufin. Domains 1 and 3 have lifetime values similar to those of other domains but much smaller anisotropy and hence a faster rotational correlation time, which may represent a much looser state of the HRP active site. Loose enzyme-product states present in domains 1 and 3 are most likely associated with the enzyme active site's opening up to release the product into the solution. Loosely bound domains 1 and 3 have 54% and 18% relative population, respectively, and tightly bound domain 2 has 27% relative population (population percentages are calculated for the data that fall within the black circles in Fig. 2 ). The significant population of domain 2 indicates that even tightly bound conformations have favorable electrostatic interactions and other possible interactions. Plausible explanations could be that (i) domain 2 represents intermediate conformational states of the enzyme in the final product-releasing step while waiting for the right orientation of the amino acid residues necessary to open the active site for product release, thereby populating loosely bound domain 1 and 3, and (ii) domains 1 and 3 are populated as parallel pathways along with domain 2 to release the product. The presence of tightly bound states (domain 2) suggests that the product is expelled from the active site into the solution. The existence of both loose states (domain 1 and 3) and a tightly bound state (domain 2) suggests complex conformational dynamics of the active site before the product diffuses away. Although the 2D joint histogram successfully unravels the existence of structurally distinct multiple forms of the active site in the product-releasing step, the low time resolution of our experimental setup limits us from revealing the sequence of appearance of the intermediate conformations in the falling edges of the photon bursts. High time resolution and further structural studies are required to validate a definite conclusion. The corresponding 2D joint distributions of lifetime and rotational correlation time at the rising edge, ON state, and falling edge are shown in Fig. 2 A1-C1 , respectively. Consistent with 2D joint distribution of lifetime and anisotropy, 2D joint distribution of lifetime and rotational correlation time also shows complex multiple conformational populations in the falling edge. The formation of a distinct intermediate conformational state in the product release step has also been reported recently. A study with lysozyme showed that an intermediate "unlocked" state is populated to facilitate product release and large-scale conformational fluctuations exist along the catalytic cycle modulating the interaction with the product necessary for releasing it (15) . Further, a recent study revealed that dihydrofolate reductase from Escherichia coli releases product in two parallel pathways, an intrinsic pathway and an allosteric pathway, and the enzyme's conformational dynamics plays a critical role in controlling product release (16) . Experimentally observed continual change in the coupled protein-water hydrogen-bond dynamics during catalytic cycle further supports our finding that different conformational intermediates are formed during a catalytic cycle (10, 43).
To acquire deeper insight about active-site conformational fluctuation during a catalytic event, we characterized the effect of mechanical perturbation on the conformational dynamics. For that purpose we used magnetic tweezers applying a pulling force of ∼2 pN. Although the applied force is much weaker than the force needed to break a hydrogen bond (6-9 pN), previous reports suggest that the 1-to 2-pN external pulling force can deform or unfold an enzyme by 30-100%, thereby weakening the enzyme-substrate interaction (20, 44) (see Supporting Information for the force calibration curve). Fig. 3 A-C shows the 2D joint distribution of lifetime and anisotropy at the rising edges, during the ON states, and at the falling edges from 356 catalytic events under the magnetic pulling force of ∼2 pN. The rising edge centers on τ f = 3.4 ± 0.10 ns, r = 0.12 ± 0.06 and the corresponding τ r is 2.1 ns. The ON state is centered on τ f = 3.5 ± 0.14 ns, r = 0.12 ± 0.04 and the corresponding τ r is 2.1 ns. Interestingly, falling edge under 2-pN magnetic pulling force consists of only a single domain centering on τ f = 3.5 ± 0.2 ns, r = 0.07 ± 0.04, and corresponding τ r is 1.0 ns. Additionally, the domain at the falling edge centers on lower anisotropy, hence the lower rotational correlation time than that at the rising edge or ON state. The 1.0-ns rotational correlation time at the falling edge under force pulling matches with the rotational correlation time of domains 1 and 3 of the falling edge under no force pulling. This suggests that under force manipulation the enzyme undergoes conformational deformation and loses its native active-site thermal conformational fluctuation to a certain extent. Upon losing its rigid active-site structure the enzyme ceases to have a distinct tightly bound conformational population like domain 2 under no force pulling. At this conjecture, it is important to note that conformational fluctuation of the enzymatic active site due to thermal fluctuation has a critical role in enzymatic activity. As a result of that fluctuation the enzyme will still be able to explore all other subsets of active-site conformations even after being perturbed by a piconewton external pulling force. However, as can be seen from Fig. 3C , the clear separation between the conformational domains seen in Fig. 2C is lost under the force-pulling condition and the distribution centers on a lower rotational correlation time (1.0 ns). It is well known that enzyme interacts with the transition state much more tightly than the substrate or the product (45). Because we have applied a much weaker pulling force (∼2.0 pN) than that needed to break a hydrogen bond, we expect that the interaction of the product with the active site at the rising edge and ON state remains much stronger and hence unaffected by the piconewton external pulling force. The high rotational correlation time at the rising edge and ON state under force pulling (∼2.0 ns) corroborates this. However, at the falling edge when the enzyme is ready to release the product the interaction further weakens due to the pulling force and the loosely bound state becomes the dominant product-releasing state, which is reflected by faster rotational anisotropy.
A central conjecture in enzymology is that the efficiency of catalysis is mainly directed by the strong structural interaction between enzyme and substrate. However, recent experimental developments reveal significant effects of conformational dynamics on enzymatic reaction rate (2, (4) (5) (6) (7) . Considering our experimental findings that multiple conformational states are populated during the product release step, we anticipate that the charge redistribution in an enzymatic reaction, as seen in X-ray crystallography (27) , may trigger dramatic conformational changes in the enzyme active site, which also can be seen in Fig. 2C .
The multiple conformations populated due to the effective charge redistribution facilitate release of the product from the active site either by opening the active site after exploring tightly bound states or by populating multiple parallel pathways where the product is expelled from a tightly bound active site along with a loosely bound open active site. Under a piconewton external pulling force HRP retains its activity but loses the complex conformational dynamics in the product-releasing step. Interestingly, even after structure deformation, HRP retains its wildtype (or unperturbed) conformational dynamics to a large extent that rely on flexibility. A conceptual representation in Fig. 4 illustrates our finding that the external mechanical force changes not only the enzymatic reaction activity but also the mechanism (i.e., the pathway of the enzymatic reaction).
Conclusion
We have presented a study of HRP conformational dynamics and mechanism during catalysis of oxidation of Amplex Red, demonstrating that a piconewton mechanical force manipulation is able not only to change the enzymatic active-site conformations but also to manipulate the enzymatic reaction pathways. Magnetic tweezers combined with TIRFM-guided SM photon time-stamping spectroscopy has been used to recognize different intermediate conformational states during a catalytic cycle. Our unique approach of using a fluorogenic product and detailed analysis of different catalytic steps of product formation and release gives us the advantage of identifying conformational changes directly associated with enzymatic reaction in real time with single-turnover resolution. The study demonstrated that although the active site populates a single conformation with large-scale fluctuations at the nascent product formation, the conformational dynamics becomes more complex at the productreleasing step. The product-releasing process involves, alongside an open active-site conformational state, distinct tightly bound intermediate states right at the nascent product release from the enzymatic active site, showing parallel product solvation and releasing pathway and product spilling-out pathway. The presence of multiple conformational states and pathways in the product-releasing step indicates that the mechanism by which product exits the active site is much more complex than what has been reported so far. Observing a comparatively simpler conformational population when the enzyme is mechanically perturbed by a piconewton mechanical force further supports this conclusion. Although further experimental, structural, and simulation studies are necessary to draw a generalized picture about the product release mechanism, the insightful information obtained in this study can be significantly useful in understanding the enzymatic reaction mechanism and the related free energy landscape. 
Materials and Methods
Materials. The HRP-catalyzed reaction converts nonfluorescent Amplex Red into fluorescent resorufin in the presence of H 2 O 2 . In our system, streptavidin-coated paramagnetic beads were covalently linked to the HRP enzymes through a biotin-streptavidin link.
Sample Preparation. Maleimide-activated HRP was linked to the sulfhydryl (−SH) group of the silanated glass coverslip. HRP has six lysine residues. The -NHS end of the linker NHS-PEG 12 -biotin reacts with the -NH 2 group of lysine residues. Next, biotin binds with streptavidin coated on the paramagnetic beads. The reaction solution with 200 nM Amplex Red and 2 mM H 2 O 2 in PBS buffer (pH 7.4) was prepared just before the experiment (see Supporting Information for details).
Experimental Setup. We used a home-built TIRFM-guided confocal fluorescence spectroscope combined with magnetic tweezers based on an inverted microscope (Axiovert 200M; Carl Zeiss) equipped with a 63× oil-immersion objective (N.A. 1.4, Plan-Apochromat; Zeiss). The TIRFM mode helps us to pinpoint spatially randomly distributed enzymes from stochastic fluorescence bursts originating from catalytic events and the confocal mode is used to acquire photon time-stamping data. We acquired SM data while simultaneously applying a pulling magnetic force via magnetic tweezers. Cover glass tethered with HRP was attached at the bottom of the sample chamber and a lid was placed on the top of the chamber to prevent evaporation during data acquisition (see Supporting Information for details).
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